Reproductive development of anthozoans reveals wide range of breeding strategies. Here, we report the occurrence of trioecy in the sea anemone Aiptasia diaphana (co-occurrence of males, females, and hermaphrodites), which so far was well documented only in plants. Age-homogeneous populations were obtained from pedal lacerates (asexual propagules) and cultured under control conditions. Careful documentation of growth, gamete morphology, and vertebrate-like steroid (i.e., progesterone, testosterone, and estradiol) levels were carried out over a 9-wk period between 4 and 12 wk postlaceration (wpl). First phenotypic signs of gametes development were observed in 6-wk-old anemones, pointing to the differentiation of males and hermaphrodites. While the males exhibited cellular progression of spermatogenesis, the hermaphrodites underwent a process of sex allocation, giving rise to male, female, and hermaphrodite phenotypes. Testosterone levels were relatively high prior to gamete appearance (4 wpl) and later on during gamete maturation (10 wpl). Conversely, estradiol levels steadily increased from 6 to 10 wpl, reaching their peak concomitant with oocyte maturation. Interestingly, increased oocyte atresia incidences were recorded during 9-12 wpl, coinciding with declining levels of steroid hormones. These results point to a strong similarity between the activity of sex steroids in vertebrates and that of vertebrate-like sex steroids on critical stages of A. diaphana's sexual differentiation and gametogenic cycle. The reproductive characteristics of A. diaphana make this anthozoan an important model species for the study of evolutionary drivers and processes underlying sexual development.
INTRODUCTION
Sea anemones and corals (phylum Cnidaria, class Anthozoa) are known to exhibit a wide range of sexual strategies [1] [2] [3] [4] [5] [6] [7] . In general, these strategies fall into two main categories: hermaphroditism (individuals capable of producing both male and female gametes during their lifetime) and gonochorism, known also as dioecy (individuals producing either male or female gametes during their lifetime). However, some anthozoan species exhibit more complex sexual patterns [1, [6] [7] [8] including episodic occurrences of hermaphroditism in species considered to be gonochoric, such as Porites porites [9] and Diploastrea heliopora [8] . Recently, one species in the genus Aiptasia (Order Actiniaria), previously considered to be a gonochoric broadcast spawner [3, 10, 11] , was observed to consist of hermaphrodite individuals [12] . These findings raised the question of how sexual differentiation in these evolutionary basal organisms is being regulated. In the Anthozoa, the development of gametes occurs via the differentiation of endodermally derived stem cells that migrate into the mesoglea of the polyp mesenteries, developing into what may be considered gonad-like structures [1] [2] [3] [4] [5] [6] [7] .
In vertebrates sex differentiation, gonad development, and gamete maturation are regulated by sex steroids, including progestins, androgens, and estrogens [13] [14] [15] . Recently, vertebrate-like sex steroids were reported in anthozoan tissues in association with reproductive processes [16, 17] . Studies showed that levels of vertebrate-like sex steroids varied seasonally and between the sexes [16] [17] [18] with high levels of estrogen present in the tissue of some anthozoans just prior to spawning [17, 19] . Sex steroids were also detected in the waters surrounding some coral species during spawning events [17, 20] , which suggested their possible role as waterborne cues synchronizing gamete release [17, 20] . Likewise, enzymatic activity involved in sex steroid metabolism, including 17-b-hydroxysteroid dehydrogenase, 5a-reductase (Montipora capitata [21] ), and aromatase (Euphyllia ancora [17] ), was reported in both soft and stony corals [21] [22] [23] , further attesting to the notion that steroids may have a role in anthozoan reproduction. The regulatory role of sex steroids during sex differentiation and sexual development in anthozoans, however, is still unclear.
The present study was undertaken to elucidate possible regulatory pathways of sexual differentiation in a model anthozoan species, the zooxanthellate sea anemone Aiptasia diaphana (Ad). This species exhibits both sexual and asexual reproduction via pedal laceration [24] , providing us with a model that can be easily manipulated in the laboratory. Taking advantage of these characteristics, we created age-homogeneous populations from asexual propagules (pedal lacerates) and carefully documented ontogenetic patterns of sex differentiation along with the coinciding changes in sex steroid profiles.
MATERIALS AND METHODS

Age-Homogeneous Populations
Adult A. diaphana (Rapp, 1829; taxonomically identified by Dr. O. Vicente, Universidad de Ceuta, Spain) specimens (n ¼ 80) were collected from artificial structures in the northern part of the Gulf of Eilat (Red Sea). After collection, the sea anemones were settled on mesh fabric and placed in an environmentally controlled culture system as described in Schlesinger et al. [25] . The culture system was located indoors and consisted of eight independent chambers connected to a flow-through system supplying filtered (10 lm) seawater (salinity of 40%) at the rate of 0.1 L/min. Constant conditions of water temperature (25 6 0.38C), aeration, circulation, and photoperiod regime (12L:12D) were maintained throughout the experiments. The sea anemones were fed five times a week with 1-day-old Artemia salina nauplii and crumbled commercial fish food (Raanan Fish Feed, I. Z. Miluot,). All waste was concentrated on the conical bottom of the chamber and removed every other day.
On a weekly basis, all the developed ''parent'' sea anemones exhibiting tentacles and a distinct mouth were carefully disconnected from the mesh fabric, leaving behind only the pedal lacerates (asexual propagules). The lacerate laden mesh was then placed in a clean chamber to allow the pedal lacerates (n ¼ 250 6 50) to develop and grow as an age-homogeneous population. This procedure was carried out eight times, resulting in eight independent replicates of age-homogeneous populations, each starting from pedal lacerates.
Sampling Procedure
Each age-homogeneous population was sampled every week following 2 days of food deprivation. Sampling was carried out over a period of 9 wk, starting at Week 4 until Week 12. At each sampling time, sea anemones (n ¼ 9) were collected from each culture chamber (eight replicates) and analyzed for 1) dry weight (DW; n ¼ 3), 2) reproductive state (n ¼ 3), and 3) steroid hormone levels (n ¼ 3). Thus, at each time point (4-12 wk postlaceration [wpl]), 24 individuals (eight replicates 3 three specimens) were collected per analysis. In some cases, where not enough individuals were present, the replicates were reduced to six (18 specimens in total).
Anemone Weight and Size
To determine DW, the collected anemones were washed briefly in freshwater to remove excess salt, dried (overnight at 708C), and weighed. The growth rate of the population was calculated weekly as in Ricker [26] , using the exponential growth relationship
where Ln(W t ) depicts a natural logarithm of the weight at time t (in weeks) and Ln(W i ) represents a natural logarithm of the initial weight. Anemone sizes were determined for each age-group by measuring the pedal disk diameter on histological cross sections as in Chen et al. [11] . Anemones at the age of 7-12 wk post-pedal laceration were also sexed (as male, female, and hermaphrodite) and correlated with size.
Reproductive State
The anemone's reproductive state was determined histologically. Following a short exposure to anesthetic solution (0.5% MgCl 2 in seawater), individual sea anemones were fixed in 4% formaldehyde-buffered in seawater for 24 h, rinsed in freshwater, and preserved in 70% ethanol. The tentacles and oral tissues were then discarded, and the rest of the anemone's body column was dehydrated in graded ethanol and embedded in glycol methacrylate blocks. Cross sections (4 lm thick) of the body column and pedal disk were mounted on glass slides, stained with hematoxylin and eosin, and examined under a light microscope.
The reproductive state was assessed by close inspection of all mesenteries in the polyp. Our classification scheme comprised five categories: 1) nonreproductive-mesenteries containing no cells (see Fig. 2A ); 2) undifferentiated-mesenteries with primary gametes that have no clear oogonia or spermatogonia (see Fig. 2B ); 3) hermaphrodite-mesenteries containing both female and male gametes at various developmental stages (see Fig. 2C ); 4) female-mesenteries containing oocytes (see Fig. 2D ); and 5) malemesenteries containing spermaries (see Fig. 2E ).
To evaluate the developmental state of the female gametes, the diameters of all oocytes exhibiting visible germinal vesicles (GV) in the most informative body column section were recorded, and the sizes of the 10 largest were averaged. The developmental state, including the incidence and abundance of oocyte atresia (oocyte undergoing degradation), were recorded. Classification of the reproductive state of the males was carried out by assessing both size and developmental stage of the testes. This was done by averaging the maximal length of the 10 largest spermaries on the slide. Spermary maturation was evaluated and ranked as in Kruger and Schleyer [27] , briefly, stage I-spermary with spermatogonia; stage II-spermary with spermatocytes; stage IIIspermatids arranged on the periphery of the spermaries with their tails projecting toward the central cavity; and stage IV-ripe spermaries filled with spermatozoa.
In hermaphrodite individuals, the following four reproductive parameters were recorded: mean number of oocytes (N o ) and spermaries (N s ) within each mesentery and the mean diameter of oocytes (D o ) and spermaries (D s ) within each mesentery. In addition to the basic evaluation of these parameters, we developed and used two indices that enabled us to evaluate whether hermaphrodite individuals are more masculinized or feminized. We first standardized these reproductive parameters to range between zero and one using the following equation: ARMOZA-ZVULONI ET AL.
Here, RP s represents the standardized reproductive parameters (i.e.,
, and max RP and min RP are, respectively, the matching maximal and minimal values of RP recorded in the studied population.
Using these standardized parameters, we calculated two reproductive indices for each individual that represented a dominance of the female gametes over the male gametes with respect to their sizes (S G ) and numbers (N G ):
where a value of one represents the most feminized individual, a value of zero represents the most masculized individual, and a value of 0.5 represents a hermaphrodite with equally developed female and male gametes. The strength of the relationship (correlation) between S G and N G depicts the tendency of hermaphrodites to become more feminized or more masculinized with respect to both gametes' size and number.
Steroid Hormones
The steroid hormones progesterone (P), testosterone (T), and 17b-estradiol (E 2 ) were measured in 4-to 12-wk-old A. diaphana pedal lacerates using the respective hormone-specific ELISA. For the analysis, sampled anemones (three anemones from each chamber were pooled for extraction, and six to eight chambers were sampled from each age) were weighed (wet weight [WW] ) and frozen at À208C. Steroid extraction was carried out by thawing the specimens, which were then transferred to borosilicate glass test tubes (12 3 75 mm) and sonicated (20 sec at 30% amplitude) using a Vibra-Cell ultrasonic liquid processor (Sonics). Steroids were extracted twice with 6 ml of diethyl ether by vigorous vortexing for 2 min. Each time, the aqueous phase was frozen (À808C) and the organic phase was decanted into a clean glass tube. The ether fractions were then evaporated to dryness, and the hormone extract was reconstituted in 500 ll of steroid assay buffer for further use in the respective competitive ELISAs developed by Cuisset et al. [28] and modified by Nash et al. [29] . The assay sensitivity was 31 pg/ml for P, 2 pg/ml for T, and 62 pg/ml for E 2 . All samples were analyzed in duplicate. Samples were serially diluted to demonstrate the parallelism with the standard curve, and the readings were taken within the linear range of binding.
Statistical Analysis
All statistical analyses were carried out using Statistica 8 statistical software. Data were tested for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Levene test) before carrying out additional statistical analysis. Differences in anemone pedal-disk diameter (used for size evaluation) were examined using two-way ANOVA. Differences in steroid levels between the age-groups were tested using one-way ANOVA, and a Tukey HSD test was used for post hoc comparisons. Following arcsine transformations, a Pearson correlation test was used to determine the strength of the relationships between two reproductive indices, S G and N G .
RESULTS
Pedal Lacerate Development and Sex Differentiation
Age-homogeneous populations were established from A. diaphana pedal lacerates (Fig. 1) , and the reproductive state of individuals within each age-group was evaluated (Figs. 2, 3) . Assessment of histological sections revealed that individuals sampled at 4 (n ¼ 21) and 5 (n ¼ 17) wpl had no visible gamete within the mesenteries and were therefore defined as nonreproductive ( Fig. 2A) . Between 6 and 12 wpl, the relative abundance of reproductive individuals gradually increased in the population, reaching 100% at 12 wpl (Fig. 3) . The first morphological signs of gamete development included the appearance of large amoeboid cells in the mesogloea of the anemone's mesenteries (Fig. 2B) . Male phenotypes exhibiting relatively small spermatogonia (40.3 6 0.9 lm; Fig. 2D ) appeared at 7 wpl (12% abundance), whereas individuals showing maximal size of spermaries (105.6 6 37.3 lm, n ¼ 12) were detected at 10-11 wpl (Fig. 4B) . A high positive correlation was found between the maximal size of the spermaries and their developmental stage (R 2 ¼ 0.607, P , 0.0001, Pearson correlation test). Hermaphrodite specimens (Fig. 2C) were observed for the first time at 6 wpl and were most abundant (38%) at 9 wpl (Fig. 3) . From that point on, the hermaphrodite individuals exhibited two major trends: either 1) feminization, showing increased oocyte diameter and number versus testes, or 2) masculinization, showing increased diameter and number of testes versus oocytes (Fig. 5, A and  B) . Further regression analysis showed a positive correlation between the gamete size (S G ) and gamete number (N G ) ratios (R 2 ¼ 0.678, P , 0.0001, Pearson correlation test; Fig. 4C ). Definitive females, lacking testes, were evident only in 10 wpl, and by 12 wpl their abundance in the population reached 22% (Fig. 3) . All female specimens at this stage exhibited developed gametes with full vitellogenic oocytes (mean diameter 63.8 6 3.7 lm, n ¼ 13) with GV at the periphery of the cytoplasm (Fig.  2E) . It should be noted that no age-dependent increase in the mean oocyte diameter was recognized in females (Fig. 4B) . Oocytes undergoing atresia neighboring full vitellogenic oocytes with migrating GV (Fig. 2E) , whether in females or in hermaphrodites, were evident at 10 wpl and were most abundant at Week 12 (Table 1) .
Sex Dimorphic Growth Pattern
The mean DW of the anemones steadily increased throughout the experiment (Fig. 6A) . Growth measurements revealed an exponential weight (g) increase (y ¼ 0.3195e 0.2938x , P , 0.001, R 2 ¼ 0.971), averaging a weight increase of 28.24 6 4.5% per week. Relatively high variations in DW were detected among individuals of the same age-homogeneous groups with coefficient of variation (SD/mean) ranging between 0.12 and 0.62. As shown in Figure 6B , within a given age-group, the average pedal disk diameter (size parameter) of males was significantly smaller when compared to hermaphrodites at 7 and 9 wpl (P ¼ 0.02, two-way ANOVA) and to females at 10 and 12 wpl (P ¼ 0.018, two-way ANOVA). No significant size difference was observed between males and hermaphrodites or between hermaphrodites and females at 10-12 wpl (P ¼ 0.95 and P ¼ 0.062, respectively, two-way ANOVA). TRIOECY IN AIPTASIA DIAPHANA Sex Steroid Profiles P and T levels in the 4-to 12-wk-old A. diaphana lacerates showed relatively similar patterns, with three temporal peaks (Fig. 7, A and B) . The first two peaks appeared 4 wpl (P: 2.77 6 0.29 ng/g WW; T: 1.15 6 0.13 ng/g WW) and 7 wpl (P: 1.84 6 0.23 ng/g WW; T: 0.81 6 0.14 ng/g WW). The third peak was spaced 1 wk between the P (9 wpl; 1.99 6 0.32 ng/g WW) and the T (10 wpl; 1.19 6 0.3 ng/g WW) profiles. The levels of both P and T decreased toward 12 wpl. The E 2 concentrations (Fig. 7C) were relatively low (13.5 6 3.7 and 8.2 6 1.3 ng/g WW, respectively) during the early stages of development (4-5 wpl) and increased constantly until reaching a peak at 9 wpl (48.1 6 7.1 ng/g WW; P , 0.05). Throughout gametogenesis, the E 2 levels were higher than those of P (18.3-fold higher) and T (39.9-fold higher), yet, similar to P and T, these levels gradually declined at 11-12 wpl (26.5 6 3.6 and 25.3 6 1.9 ng/g WW; P , 0.05). Figure 7D associates the sex steroid profiles with sexual differentiation and maturation processes occurring in A. diaphana age-groups.
DISCUSSION
An unusual mechanism of sex differentiation was observed to occur in the populations of asexually produced sea anemone A. diaphana, giving rise to males, females, and hermaphrodites. The ontogenetic patterns were associated with sex steroid profiles, revealing an original sexual system in A. diaphana pedal lacerates, the first to be reported in the phylum Cnidaria.
Sexual differentiation in these organisms was found to consist of two major stages (Fig. 8): 1) parallel and numerically equal development of primary males and hermaphrodites and 2) progression of spermatogenesis in the male population alongside sex allocation in the hermaphrodite population. In the latter process, most hermaphrodites become more masculinized or more feminized. Thus, one gamete type (male or female) becomes the principal gamete in the polyp, while the other numerically declines and eventually disappears, resulting in monosex individuals (i.e., female or male). Nonetheless, one-third of the sea anemone population remain hermaphrodite, 
FIG. 4.
Reproductive development in A. diaphana. Gametogenesis with respect to age in males, females, and hermaphrodites. Oocyte diameter in females and hermaphrodites (A) and testis size in males and hermaphrodites (B) shown as mean 6 SE. The sample sizes are presented in Fig.  6B . C) The correlation between the reproductive indices S G and N G (size of the gamete and number of the gamete) expresses the tendency of hermaphrodites to become more feminized (e.g., sample no. 11.1) or more masculinized (e.g., sample no. 11.2).
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with individuals containing varying proportions of fully mature testes and oocytes. Females exhibiting intermediate stages of oogenesis were not found throughout the experiment. This observation leads to the conclusion that there is no independent development of female lines and that the females develop only via an intermediate hermaphroditic phase. In contrast, the males were found to develop via two alternative pathways; either as primary males (testes developing directly from primordial gametes) or as secondary males via complete masculinization of hermaphroditic gonads. Thus, despite the gonochoric nature reported to date as characterizing the genus Aiptasia [2, 3, 10, 11, 30] , our studies (the present study and Schlesinger et al. [12] ) demonstrated that in addition to fully functional males and females, hermaphrodites exist in clonal populations of A. diaphana.
The coexistence of male, female and hermaphrodite morphs in A. diaphana populations typifies trioecy, a breeding system that represents an evolutionary transitory phase from one reproductive mode to the other, that is, dioecy to hermaphroditism or vice versa [31, 32] . Compared to two additional transitory breeding systems-that is, androdioecy (mixtures of males and hermaphrodites) and gynodioecy (mixtures of females and hermaphrodites)-trioecy is the rarest and so far has been documented to occur mostly in plants [33] [34] [35] [36] . Although we cannot definitively conclude whether trioecy, as observed in our sea anemone model, exemplifies the evolutionary transition from dioecy toward hermaphroditism or the other way around, two lines of evidence support the former route. The first is based on phylogenetic analyses that point at dioecy as an ancestral condition of all hexacorals [37] . The second is the observation that over two-thirds of the stony corals (Scleractinia, an order evolving within the class Anthozoa) are hermaphrodites [4, 5, 38] .
The evolutionary advantage of self-compatible hermaphroditism is that it may provide the benefit of ''reproductive assurance'' in organisms with limited opportunities for sexual encounters, such as the sessile sea anemones and stony corals. Indeed, Schlesinger et al. [12] demonstrated that asexually produced clones, derived from a single A. diaphana individual, can self-fertilize. While this finding does not necessarily mean that simultaneous hermaphrodite specimens of A. diaphana do in fact self-fertilize as a rule, it at least excludes the existence of any genetic mechanisms that prevents self-fertilization. Altogether, these characteristics may explain the ability of A. diaphana to successfully colonize new areas.
We found that the clonal Aiptasia populations are malebiased populations and posit that this may be due to energetic constraints. The observed sexual size dimorphism, in which smaller individuals became functional males while larger individuals sexually matured as hermaphrodites or females, further supports this notion and is in agreement with the sex allocation theory [39] . Accordingly, small individuals with few resources invest first in the male function due to the initially steep increase in the male fitness [39, 40] .Then, when fitness gains for investing in the male or female functions become equal, as it occurs in larger individuals, additional investment can be channeled toward female function [40, 41] .
In an effort to elucidate the mechanisms underlining the sex differentiation patterns, we profiled sex steroids known to play a role in this process in vertebrates [13] [14] [15] and compared them with the relationship between the ontogenetic patterns of vertebrate-like sex steroids and sex differentiation in our sea anemone model. Results showed the presence of high concentrations of P and T when gonadal-like structures were not yet apparent (4 wpl) and declining levels of these hormones TRIOECY IN AIPTASIA DIAPHANA on the appearance of primordial gametes (6 wpl). Moreover, both P and T levels showed bimodal peaks associated with two critical phases of gametogenesis: 1) the onset of gamete differentiation (detectable ovotestis/testis at 7 wpl) and 2) the emergence of the female phenotype (at 9-10 wpl). In contrast, the 17b-estradiol (E 2 ) levels demonstrated only a single peak (at 9-10 wpl) that was linked with the second peaks of P and T. Furthermore, the E 2 peak spanned the period of ovarian maturation and the completion of sex allocation toward phenotypic females. Declining E 2 levels, however, coincided with oocyte atresia (Fig.7C and Table 1 ), signifying the end of the reproductive cycle. These data highlight E 2 accumulation as a potential key in driving gamete development in our basal metazoan model. Indeed, this seems to be corroborated by pioneering studies that showed an increase in E 2 concentrations 1 mo prior to the observed increase of mature gametes in the sea pansy Renilla koellikeri [19, 42] and prior to gametogenesis in the Hawaiian coral Montipora verrucosa [18] . A strong association between inherent steroid levels and gamete differentiation in anthozoans becomes apparent. Furthermore, the endogenous sex steroid profiles obtained herein bear a striking resemblance to those documented in other invertebrates [43] as well as in lower vertebrates, such as teleosts [44] , strengthening the hypothesis that these steroids play central and important roles in gamete differentiation in Aiptasia.
The present study further suggests that in addition to their potential role in sex differentiation, sex steroids are directly involved in gametogenesis and gamete maturation. This is supported by 1) the bimodal patterns of P and T in the mixed sex of an A. diaphana population that can be used as markers of the differentiation of the two subgroups of males (first peak at 7 wpl) and of females (second peak at 9-10 wpl) and 2) the fact that E 2 levels gradually increase throughout early gametogenesis (6-8 wpl), reach maximal levels at final gamete maturation (9-10 wpl), and decline dramatically in association with oocyte atresia (11-12 wpl) . It is important to note that most studies with anthozoans [17] [18] [19] found no correlation between steroids and early stages of gametogenesis but highlighted the involvement of these hormones in gamete maturation and spawning.
The current study reveals the occurrence of trioecy (cooccurrence of female, males, and hermaphrodites) in the sea anemone A. diaphana. The fact that true trioecy has, to date, been reported to occur in plants draws attention to the similarity between anthozoans and flowering plants as was , and estradiol (C), associated with sex differentiation and maturation processes (D) in A. diaphana age-groups. Steroid levels are expressed as mean 6 SE of six to eight replicates. Each replicate represents three individuals sampled from the same chamber. Differences in steroid levels between the weeks were tested using one-way ANOVA, and a Tukey HSD test was used for post hoc comparisons. Lowercase letters (a-e) indicate significant (P , 0.05) difference between means.
previously suggested [6, 7] . Like plants, these evolutionarily basal sessile animals appear to display some rare intermediate breeding systems, perhaps developed during evolutionary refinements between gonochorism and hermaphroditism. Moreover, the noticeable resemblance between the reproductive ontogeny-associated steroid profiles observed in our sea anemone model and those found in some lower vertebrates provides important evidence for the premise that steroidal regulation of sexual reproduction is a basal function that is conserved from invertebrates to lower vertebrates. Our work is a contribution to a more comprehensive understanding of evolutionary and physiological aspects of sexual reproduction in these basal organisms, as they seem to hold a key position as a sister group to bilaterian animals [45] . Moreover, the convergence of reproductive strategies between these evolutionarily distant organisms, from two distinct kingdoms yet occupying similar ecological niches, may provide important clues regarding the parameters that influenced the evolution of sex.
